Based on our previous findings that prenatal ethanol exposure in offspring increased susceptibility to adult osteoarthritis, this study aimed to further investigate the direct toxicity of ethanol on fetal articular cartilage development. Rat bone marrowderived stroma cells were capsulated in alginate beads, incubated in a chondrogenic differentiation medium, and cultured for 4 weeks with ethanol treatment at concentrations of 0, 4, 20, and 100 mM. Pregnant rats were treated with ethanol (4 g/kg/day) from gestational days (GDs) 9 to 20. At GD20 and postnatal weeks 2, 6, and 12, 8 male offspring were sacrificed, and 8 male offspring rats of 8-weeks old in each group were treated with or without intraarticular injection of papain for 4 weeks to verify the susceptibility of adult osteoarthritis. Ethanol treatment resulted in poor differentiation of bone marrow-derived stroma cells to chondrocytes and suppressed the expression of the transforming growth factor-b (TGFb)-smad2/3-Sox9 signaling pathway. In animal experiments, the shape of articular cartilage in the ethanol treatment group was more disordered than that of the control group, the matrix was not deep, and the cartilage was thin, which showed poor cartilage development. The TGFb signaling pathway in the ethanol treatment group was persistently low at all time points. After intraarticular injection of papain, histological analyses, and the Mankin score revealed increased cartilage destruction in the ethanol treatment group. Ethanol caused articular cartilage dysplasia that was programmed in adulthood via a low-functional TGFb signaling pathway, and the tolerance of this articular cartilage to external stimuli was significantly decreased.
Our previous work demonstrated that exposure to ethanol during pregnancy increases fetal exposure to maternal glucocorticoids (Liang et al., 2011; Shen et al., 2014; Xia et al., 2014) and a low-functional programming of insulin-like growth factor 1 (IGF1) in articular cartilage, resulting in articular cartilage dysplasia and enhanced susceptibility to osteoarthritis (OA) in the adult offspring (Ni et al., 2015a) . This work was a part of a series to confirm that OA has intrauterine origin (Luo et al., 2015; Ni et al., 2015a,b; Tie et al., 2016) ; this theory was first proposed and confirmed by our team, wherein we clarified the indirect toxicity of prenatal ethanol exposure (PEE) to articular cartilage development from over-exposure to maternal glucocorticoids.
Ethanol can cross the placenta freely and then enter the fetal blood circulation, because of its lower molecular weight and good liposolubility. Many studies have shown that alcohol abuse during pregnancy may affect the growth and development of the fetus and have direct toxic effects on multiple tissues. Therefore, when pregnant animals are exposed to ethanol during pregnancy, we must recognize that ethanol crosses the placenta and might have a direct effect on articular cartilage development.
Articular cartilage originates from mesoblasts during the second trimester at sites where bones will form. The process involves mesenchymal progenitor cell aggregation to form high-density condensations that first differentiate into chondroblasts and then form a cartilage scaffold. The cartilage cells in the center of the cartilage mold undergo proliferation, differentiation to functional chondrocytes, hypertrophic differentiation, apoptosis, and eventual resorption, and replacement by newly formed bone through the endochondral sequence of ossification. This type of cartilage is called temporal or growth plate cartilage. In contrast, cartilage cells close to the surface of the cartilage template divide and differentiate to form hyaline articular cartilage, which is termed permanent or persistent cartilage because articular chondrocytes normally do not undergo terminal differentiation or endochondral ossification and are not replaced by bone. This means that the growth plate cartilage and the articular cartilage chondrocytes have a common tissue origin (Lefebvre and Smits, 2005) . Many studies have shown that PEE can inhibit the development of growth plate cartilage, thereby resulting in shortened body and limb length of offspring. The study on the effects of PEE on articular cartilage has recently been reported by our team.
Cartilage degradation is a hallmark of OA, and transforming growth factor-b (TGFb) has emerged as an important molecule that plays a critical role in the development, growth, maintenance, and repair of articular cartilage. Downregulation of its signaling and responses has been shown to be involved in adult OA (Finnson et al., 2012) . Several components of the TGFb pathway, including extracellular, cell surface, and intracellular molecules, show altered expression or action in OA. They regulate diverse cellular processes including proliferation, differentiation, migration, and apoptosis as well as extracellular matrix (ECM) production and degradation. TGFbs play critical roles in regulating chondrocyte differentiation from early to terminal stages, including condensation, proliferation, terminal differentiation, and maintenance of articular chondrocytes (Karsenty et al., 2009; Li et al., 2005) . TGFb expression is found throughout embryonic development, and there is high expression at the site of bone and cartilage formation; the expression of all 3 TGFb isoforms was detected at early mesenchymal condensations . Bioactive TGFb signaling occurs through a pair of transmembrane serine/threonine kinases known as TGFb type II (TbRII) and type I (TbRI or activin receptor-like kinase-5; ALK5) receptors. TGFb binds to TbRII, a constitutively active kinase, which phosphorylates TbRI/ALK5, resulting in the activation of ALK5 kinase activity. Activated ALK5 phosphorylates 2 receptor-regulated Smad (R-Smad) proteins, Smad2 and Smad3, which bind to the common mediator Smad (co-SMAD), Smad4, and translocate to the nucleus where they interact with various co-activators, co-repressors and transcription factors to regulate gene expression (Finnson et al., 2012) . Extracellular TGFb1 stimulates membrane-bound TGFb receptors in an autocrine (or paracrine) fashion. Then, the nuclear translocalization of TGFb receptor-regulated Smad2/3 is activated. In addition, mechanical stretch induces the nuclear translocalization of SRY(sex determining region Y)-related high mobility group-box gene9 (Sox9) (Furumatsu et al., 2005) . Phosphorylated (P) Smad2/3 and Sox9 cooperatively enhance collagen typeIIa1 (Col2a1) expression under stretched conditions (Song et al., 2009) . Past studies have shown that ethanol can inhibit the expression of the TGFb signaling pathway in bone marrow mesenchymal stem cells (BMSCs) (Driver et al., 2015) .
Therefore, on the basis of our previous findings that exposure to ethanol during pregnancy increases fetal exposure to maternal glucocorticoids, resulting in intrauterine growth retardation, articular cartilage dysplasia, and increased susceptibility to adult OA in the offspring, we conducted additional experiments. The present study further investigated the direct toxicity of ethanol on cartilage differentiation using the differentiation model of BMSCs to chondrocytes. In animal experiments, the development of articular cartilage was observed dynamically at different development stages. The tolerance of the articular cartilage to external stimulation by using an intraarticular injection of papain was observed, to verify the direct toxicity of ethanol on articular cartilage development. Animals and treatment. Specific pathogen free Wistar rats (female: 180-220 g, male: 260-300 g) were obtained from the Experimental Center of Hubei Medical Scientific Academy (No. 2010 . This experiment was performed in the Center for Animal Experimentation of Wuhan University (Wuhan, China), which has been accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC International). All animal experimental procedures were approved by the Chinese Animal Welfare Committee and performed in accordance with their Guidelines for the Care and Use of Laboratory Animals.
MATERIALS AND METHODS
The animals were housed (room temperature: 18 C-22 C;
humidity: 40%-60%; 12-h light:dark cycle), acclimated, and mated. For mating, 2 females were placed together with one male overnight. The day when there was an evidence of mating (vaginal smear with sperm cells) was designated as gestational day (GD) 0. Pregnant rats were transferred to individual cages and randomly divided into control and PEE groups. Ad libitum access to a standard diet and water was permitted. From GD9 to GD20, the PEE group was treated with ethanol 4 g/kg/day by oral gavage (Chen and Nyomba, 2003; Ni et al., 2015a) , and the control group was administered with the same volume of distilled water by oral gavage.
For experiments on fetal rats, 8 randomly selected pregnant rats with 10-14 live fetuses from each group were anesthetized with diethyl ether and euthanized on GD20. The male fetuses were quickly removed and weighed. The fetal tibias were collected according to the procedure described in our previous study (Tan et al., 2012) . Briefly, the fetal tibias were separated under a dissecting microscope and collected. The left tibiae were fixed in 4% paraformaldehyde until further analysis.
For experiments on adult rats, some pregnant rats of the control and PEE groups were kept until normal delivery (GD21). On postnatal day 1, the numbers of pups were normalized to 8 pups per litter (each group retained 8 litters) to assure adequate and standardized nutrition until weaning (postnatal week 4, PW4). The male offspring rats were sacrificed by anesthesia at PW2, 6, and 12, respectively. The right femurs were dissected, and the left femurs were fixed in 4% paraformaldehyde solution for 24 h before decalcification in EDTA, dehydrated in alcohol, and embedded in paraffin until further histological examination.
For experiments on inducing OA, the PW8 male offspring rats (n ¼ 8) were given intra-articular injection of papain to induce OA. A solution of 4% (w/v) papain solution in 100 ll of saline was sterilized and then injected into the left knee of rats from control and PEE groups on days 1, 4, 7, 10, and 13 of the experimental period (Bendele, 2001) . As a normal control, the same volume of sterile saline was injected into the right knee of rats in the both groups on the same days. On PW12, the rats were sacrificed under diethyl ether anesthesia. A portion of the knee cartilage samples were ink stained for observing gross morphological changes; the remaining knee samples were fixed with 4% formaldehyde for histological and immunohistochemical assays. The figure below is an overview of the experimental procedure.
Cell culture and treatment. Chondrogenic differentiation of BMSCs was conducted in alginate bead culture. The extracting methods of BMSCs were the same as those described in our previous study . BMSCs were cultured in alginate beads following the method described by De Ceuninck et al. (2004) . Monolayer cultures were trypsinized, washed, and centrifuged. The isolated BMSCs were suspended at a concentration of 2 Â 10 6 cells/ml in a 1.25% alginate (Sigma-Aldrich) in 0.15 M NaCl.
The cell suspension was slowly dropped into a 102-mM CaCl 2 solution. Approximately 25 000 cells/bead were cultured in a chondrogenic medium: high-glucose DMEM containing 1% insulin, transferrin, and selenous (Sigma-Aldrich), 100 nM dexamethasone (Sigma-Aldrich), and 10 ng/ml TGFb3 (PeproTech, USA). After chondrogenic differentiation for 4 weeks, alginate bead sections were stained for glycosaminoglycan (GAG) with safranin-O to investigate the capacity of BMSCs to induce chondrogenesis. During the period of chondrogenic differentiation, the culture medium with or without ethanol at concentrations of 0, 4, 20, and 100 mM was replaced every alternate day.
Histological and immunohistochemical assays. Both femurs and tibias from each mouse were harvested under the anatomical microscopy. Special care was taken to maintain the integrity of the articular cartilage at the knee joint. After removing the skin, the whole hindlimb of the fetus was fixed in 4% paraformaldehyde at pH 7.4 for 3 days and then positioned on the side for paraffin embedding, which is convenient for slicing in the sagittal plane.
For the offspring rat after birth, we carefully removed the soft tissue around the knee, but maintained the integrity of the joint capsule (If the joint capsule is cleared, the femur and the tibia will move relative to each other). Then, we sawed the bone at 8 mm in the upper and lower knee joint, fixed it in 4% paraformaldehyde, decalcified it in 20% ethylenediamine tetraacetic acid solution for 21 days, and then positioned it on the side for paraffin embedding. The knee joints were sectioned sagittally at 5-lm thickness. Safranin-O-fast-green staining and immunohistochemical assays were performed by standard procedures.
The images of histological analysis were captured using the Nikon NIS Elements BR light microscope (Nikon, Tokyo, Japan). Each safranin-O-stained section of adult femurs and tibias was evaluated with the Mankin's histological grading system, including structure, cell number, and cartilage matrix staining and tide mark (score: range from 0 to 14). Immunohistochemistry (IHC) was performed with a DAB staining kit (GeneTech Company, Ltd., Shanghai, China) to determine the expression of collagen type II alpha 1 (Col2a1) proteins in the adult knee joints. The primary antibodies were rabbit antirat polyclonal. The secondary antibody was goat antirabbit immunoglobulin G. All the images were captured and then analyzed using the Nikon NIS Elements BR light microscope (Nikon, Tokyo, Japan). The intensity of staining was determined by counting the mean optical density (MOD) in 10 different fields for each sample. After treatment for 4 weeks with concentrations of ethanol, the beads were fixed and dehydrated using alcohols and embedded in paraffin. The sections were routinely stained with safranin-O. All images were captured using the Nikon NIS Elements BR light microscope (Nikon, Tokyo, Japan).
Total RNA extraction, reverse transcription, and RT-qPCR. Total RNA was isolated from the rat cartilage by using Trizol reagent following the manufacturer's protocol. The concentration and purity of the isolated RNA were determined by spectrophotometry and adjusted to 1 lg/ll. Total RNA was stored in diethyl pyrocar-
For RT-qPCR analysis, single-strand cDNA was prepared from 2 lg of total RNA according to the protocol of the Exscript RT reagent kit. Primers were designed using Primer Premier 5.0, and the rat primer sequences are shown in Table 1 . Relative mRNA expression levels of the TGFb signaling pathway, Col2a1, and aggrecan were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Relative standard curves were constructed for the target rat genes by using the corresponding RTqPCR products isolated by the DNA extraction kit with different concentrations ranging from 10 À3 to 10 À9 g per reaction. PCR assays were performed in 36-well optical reaction plates using the RG-3000 Rotor-Gene 4 Channel Multiplexing System (Corbett Research Pty Ltd., Sydney, Australia) in a total volume of 25 ll reaction mixture containing 2 ll of 0.1 lg/ll cDNA template, 0.5 ll of 10 lM each primer, 12.5 ll of 2 Â Premix Ex Taq, 0.5 ll of 20 Â SYBR Green I, and 9 ll of DEPC-H 2 O. To quantify transcripts of the genes precisely, the mRNA level of GAPDH was measured as the quantitative control, and each sample was normalized on the basis of GAPDH mRNA content. PCR cycling conditions were as follows: 95 C for 10 s for pre-denaturation; 95 C for 5 s for denaturation; annealing conditions for each gene are listed in Table 1 ; 7 C for 15 s.
Statistical analysis. SPSS 17 (SPSS Science Inc., Chicago, Illinois) was used for data analysis. Quantitative data were expressed as mean 6 SEM and were evaluated with a paired t-test. A oneway analysis of variance (1-way ANOVA) was used to compare differences in the quantitative results from the cell experiments. Data of Mankin's score and IHC data of OA rats were evaluated with 2 Â 2 factorial analysis. A p < .05 was considered to be statistically significant.
RESULTS

Ethanol Inhibited the Differentiation of BMSCs to Chondrocytes by
Inhibiting the TGFb-smad2/3-Sox9 Signaling Pathway As shown in Figure 1A , the cells in the control group were identical in distribution and large size, and each area was uniformly colored. In the group treated with different concentrations of ethanol, the number of cells was significantly lower than that of the control group, especially in the 20 and 100 mM ethanol treatment groups (Figs. 1A and 1B) . The cells in the ethanol group were smaller and more immature, with development retardation. Then, we used RT-qPCR analysis to detect the expression of chondrogenesis-specific genes after chondrogenic differentiation. As shown in Figure 1C , the gene expression levels of TGFb1R and Sox9 were significantly lower in the 4, 20, and 100 mM ethanol treatment groups compared with that in the control group (p < .05, p < .01, Figure 1C ) after BMSCs were treated with ethanol for 4 weeks; this decrease was found to be concentration-dependent. Moreover, different concentrations of ethanol significantly reduced the expression of the chondrocyte phenotypic genes Col2a1 and aggrecan (p < .01, Figure 1D ). These results suggest that ethanol treatment causes poor differentiation of BMSCs to chondrocytes by inhibiting the TGFbsmad2/3-Sox9 signaling pathway.
PEE-Induced Proliferation and Differentiation Abnormality of Cartilage in Fetal Rats
As shown in Figure 2A , histologic analysis by safranin-O-fastgreen staining demonstrated that the rat tibias at GD20 in the ethanol group exhibited reduced length and delayed primary ossification compared with that in the control group; moreover, the ethanol treatment group showed thinner articular cartilage, and significantly shorter length of the primary ossification centers than the control group. The growth plate of the ethanol treatment group showed massive accumulation of hypertrophic chondrocytes, apoptosis, and necrosis were delayed, and the length of the epiphyseal hypertrophy zone was enlarged in the osteochondral junction.
Proliferation and Differentiation of Articular Chondrocytes Continued Into Adulthood in PEE Male Offspring Rats
To observe the general morphology of the developing proximal tibias, safranin-O staining was carried out. As shown in Figure 3 , at PW2, the proximal articulating portions of the control rats were stained strongly with safranin-O, reflecting their high proteoglycan content. Matrix staining was homogeneous, and cells in each layer were arranged in neat and clear boundaries. When compared with the control group, the loss of safranin-O staining for proteoglycans was observed in the articular cartilage of the ethanol treatment group. The articular cartilage was much thinner, and the number of chondrocytes was decreased, while the number of hypertrophic chondrocytes was increased, and the closing of the cartilage canals was delayed. At PW6 in control offspring, the superficial zone was thick and well-defined, exhibiting normal characteristics that included flat and spindle-shaped cells oriented along the main axis of the articular perimeter, and safranin-O staining reflected a high proteoglycan content. When compared with the control group, the ethanol treatment group showed clear and consistent defects in the articulate layer that had become hypo-cellular and irregular, reduced extent of safranin-O staining, and thinner articular cartilage. At PW12, there was no obvious remedy in the characteristics of early dysplasia.
At PW2, PW6, and PW12, the RT-qPCR analysis revealed the expression of the local ECM genes in articular cartilage, as shown in Figure 3 ; the expression level of aggrecan was significantly lower in the ethanol traetment group at each time point than in the control group. The MOD values of the GAG content were reduced to 88.5%, 87.3%, and 77.8% of the respective controls. The expression level of Col2a1 showed a decreasing trend in the ethanol group at PW2; however, at PW6 and PW12, the expression levels were significantly lower in the ethanol treatment group than in the control group. IHC analysis revealed that the protein expression of Col2a1 was significantly reduced to 91.2%, 90.3%, and 82.3% of the control value, respectively. These results indicated that ethanol caused articular cartilage dysplasia, which is represented as reduced differentiation and proliferation of chondrocytes, low matrix synthesis ability and ectopic hypertrophy, and apoptosis of the articular chondrocytes; moreover, this effect persisted into adulthood. TGFb  GACCCGTACAGCCTACACTCG  CGAGGTTACGGCACAATCCT  250  60  TGFb1R1  CCGAAGCAGAAGCAGGTGAC  AAATGTAGTTGTGGGCGAAGC  258  60  Smad2  CGAGTGCCTAAGTGATAGT  AGACTGAGCCAGAAGAGC  151  60  Smad3  GGGCTTTGAGGCTGTCTA  CCAACCCGATCCCTTTAC  234  60  Sox9  CCCCGAGTCACATCCCTATC  TCATAACTCCGCCCATTCAC  268  60  Col2a1  CTGGTGGAGCAGCAAGAGC  GTGGACAGTAGACGGAGGAAAG  81  60  Aggrecan  GATGTCCCCTGCAATTACCA  TCTGTGCAAGTGATTCGAGG  108  58  GAPDH  GCAAGTTCAACGGCACAG  GCCAGTAGACTCCACGACA  140  60 TGFb, transforming growth factor-b; TGFb1R, TGFb receptor 1; Sox9, SRY (sex determining region Y)-box9; Col2a1, collagen type II alpha 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
Low Expression of the TGFb-Smads-Sox9 Signaling Pathway Continued Into Adulthood in PEE Male Offspring Rats
The RT-qPCR technique was used to observe and analyze the dynamic changes of the expression of the local articular cartilage TGFb-Smads-Sox9 signaling pathway at GD20, PW2, PW6, and PW12, as shown in Figure 4 . As compared with the control group, the expression level of TGFb was significantly lower in the ethanol group. Relative to the control, the expression level of TGFb was significantly lower in the ethanol group at GD20, remained lower at PW2 and PW6, and exhibited a decreasing trend at PW12. In addition, the expression levels of Smad2 and Smad3 were significantly lower in the ethanol group than in the controls at GD20, while they significantly decreased or remained unchanged at PW2, PW6, and PW12. At the 4 time points mentioned above, the expression levels of Sox9 were significantly lower in the ethanol group than that in the control group. All these results indicated that ethanol can inhibit the expression of the local articular cartilage TGFb-Smads-Sox9 signaling pathway, and this low expression continued until after birth. IHC and MOD analysis (Figs. 4B and 4C) showed that the protein expression levels of TGFb1R, Smad2/3, and Sox9 in the PEE group were significantly reduced relative to the control group at GD20, and this effect extended to PW2, PW6, and PW12 (p < .05, p < .01).
PEE Increased Male Offspring's Susceptibility to Adult OA After Intraarticular Injection of Papain
As shown in Figure 5 , in the saline subgroups, no significant difference in the overall cartilage organization was observed between the ethanol treatment and control groups. In the ethanol treatment groups, the cartilage surface was smooth, without ink staining, and empty chondrocyte lacunae and fibrillated areas were not present, which was similar to that observed in the saline control group. The safranin-O/fast-green staining showed that, compared with the control group, the cartilage of the ethanol treatment group was smooth and normal, but the cartilage matrix staining was shallow. There was no significant difference between the 2 groups in Col2a1 immunohistochemical staining and its MOD.
In the papain subgroup, the cartilage surface, especially the tibial plateau surface, appeared to have much more wear and tear in the ethanol group than that in the control group. The safranin-O/fast-green staining showed that compared with the control group, varying degrees of erosion and irregularity in the articular cartilage were observed in the ethanol treatment group, including the appearance of clefts, reduced cartilage thickness, lightly stained matrix, reduced number of chondrocytes, and blurred tidemarks, and the cartilage pathological Mankin's score was significantly higher in the ethanol treatment group than in the control group. The result of IHC showed that the staining of Col2a1 in the ethanol treatment group was lesser than that in the control group, and its MOD was significantly decreased to 67.2% of that in the control group. These results indicate that the stimulation sensitivity of the articular cartilage of offspring of the ethanol treatment to papain was increased. 
DISCUSSION
Intrauterine Dysplasia of Articular Cartilage Was Programmed Into Adulthood in PEE Male Offspring Rats
Strong evidence indicates that the physiologic functions of the body systems are highly influenced by intrauterine conditions in which the fetus develops. A suboptimal maternal environment can change the fetal tissue developmental regulatory planning, which genomically and nongenomically occurs and causes permanent structural and functional changes in the systems, leading to diseases in early years of life and those that become overt in adulthood. This process is known as "intrauterine programming" (Kajantie, 2008) . We know that PEE has serious long-term consequences for offspring, which leads to various health problems (Chudley et al., 2005) . Exposure to ethanol in utero also affects the developing skeleton (Keiver and Weinberg, 2004; Snow and Keiver, 2007) , and these effects do not appear to normalize after birth (Snow and Keiver, 2007) . Although the mechanisms of the long-term effects on skeletal health are unknown, exposure to high levels of ethanol in utero can result in permanent short stature (Day et al., 2002) and delayed mean bone age (Habbick et al., 1998) . This indicates that PEE will lead to programmed changes in skeletal development. Skeletal elements are formed by 2 distinct processes: intramembranous and endochondral ossification. The vertebra and long bone, which affect the length of the body, are mainly formed through endochondral bone formation (Dao et al., 2010) . The initial stage of endochondral ossification is the formation of a cartilage model, which is formed through condensation of mesenchymal cells. The cartilage model is further differentiated into permanent articular cartilage and growth plate cartilage. At present, there are many studies on the effect of PEE on growth plate chondrocytes, but a few studies have been conducted on the effects of PEE on articular chondrocytes, which has the same tissue origin as the growth plate chondrocytes. Our previous study found that articular cartilage becomes thinner in the PEE offspring. The number of chondrocytes in the articulating surface zone was decreased significantly, the mRNA expression of the chondrocyte phenotypic gene Col2a1 and aggrecan was significantly lower, and the protein content of Col2a1 and aggrecan was also decreased (Ni et al., 2015a) . In the present study, at GD20, we again found that in the ethanol treatment group, articular cartilage became thinner, the length of the primary ossification center was significantly shorter than that in the control group, and there was massive accumulation of hypertrophic chondrocytes. Apoptosis and necrosis were delayed, and the length of the epiphyseal hypertrophy zone was enlarged in the osteochondral junction in the ethanol treatment group. In addition, we dynamically observed the development of articular cartilage at PW2, PW6, and PW12 in PEE male offspring. At these various time points, we also found that the number of articular chondrocytes in PEE rats was lower than that in the control group, the chondrocytes were arranged irregularly, and the ECM content was significantly lower than that in the control group; these findings indicated continuity of the dysplasia from the intrauterine period. This shows that PEE can cause articular cartilage dysplasia that is programmed to adulthood as the same growth plate cartilage.
PEE Results in Articular Cartilage Dysplasia That Is Programmed to Adulthood by a Low-Functional TGFb Signaling Pathway
Ethanol is one of the most commonly consumed teratogenic agents by humans. It can directly permeate the placenta and enter the fetal blood circulation, which causes developmental toxicity to the cells and tissues of the fetus. Alcohol intake during pregnancy is an established risk factor for intrauterine growth restriction (IUGR). According to a survey of analysts by Centers for Disease Control and Prevention (CDC, 2015), during 2011-13, 1 in 10 (10.2%) pregnant women in the United States ages 18-44 years reports drinking alcohol in the past 30 days. In addition, 3.1% of pregnant women report binge drinking-defined as 4 or more alcoholic beverages on one occasion. Among women who reported binge drinking in the past 30 days, pregnant women reported a significantly higher frequency of binge drinking than nonpregnant women (4.6 and 3.1 episodes, respectively) (CDC, 2015; Tan et al., 2015) . Among all women who reported binge drinking, pregnant women reported a higher frequency of binge drinking than nonpregnant women, and the prevalence of any alcohol use and binge drinking among pregnant and nonpregnant women is slightly higher than estimates reported for 2006 -10 (Tan et al., 2015 . In humans, the average blood alcohol concentration after consumption of 3-5 bottles of beer is 33 mM (Gohlke et al., 2005) and might range between 20 and 170 mM in moderate to severe alcoholics according to Pantazis' study (Pantazis et al., 1992) . In agreement with previous studies (Dembele et al., 2006; Yao and Gregoire Nyomba, 2007) , in our animal model, the pregnant rats were administered 4 g/kg/day ethanol, and the concentrations of blood ethanol in maternal and fetalrats were 87 and 58 mM, respectively , indicating that the dosage of ethanol in this study should be equivalent to that recorded for humans. The effect of ethanol on fetal cells and tissues depends on the period of exposure; furthermore, the mechanisms by which ethanol affects the body and skeletal development of offspring are extremely complex. Ethanol crosses the placenta, and therefore may have direct effects on bone development (Snow and Keiver, 2007) , or it may act indirectly through effects on fetal/maternal hormones or nutrition; this is because ethanol intake is known to affect a number of maternal/fetal systems, including the glucocorticoid (Zhang et al., 2005) , IGF, and calcium-regulating systems (Breese et al., 1994) , all of which could potentially affect bone development. Glucocorticoid excess, whether endogenous or therapeutic, could affect fetal skeletal growth by inhibiting IGF-I gene expression in the growth plate (Fernandez-Cancio et al., 2008) . The effects of glucocorticoids on cultured chondrocytes in vitro have been clarified. Glucocorticoids can increase apoptosis, decrease proliferation, and reduce the expression of IGF-1 in chondrocytes. Glucocorticoids can also inhibit the expression of ECM Col2a1 and aggrecan in a time-and dosedependent manner (Owen et al., 2008; Song et al., 2012) . Our previous study found that PEE results in articular cartilage dysplasia and increases the susceptibility to adult OA in the offspring by elevating exposure to maternal glucocorticoids and downregulating IGF-1 signaling (Ni et al., 2015a) .
It cannot be ruled out that ethanol has a direct effect on fetal cartilage development in animal experiments. Based on our previous findings, exposure to ethanol during pregnancy increases fetal exposure to maternal glucocorticoids, resulting in Figure 4 . Effects of PEE on the expression of the TGFb-Smads-Sox9 signaling pathway in articular cartilage on GD20, and PWs 2, 6, and 12. A, florescent qPCR analysis of the dynamic changes of the mRNA expression of the local articular cartilage TGFb, TGFb1R, Smad2, Smad3, and Sox9 at GD20, PW2, PW6, and PW12; B, the protein levels were analyzed using IHC, and representative IHC of TGFb1R, Smad2/3, and Sox9 at GD20, PW2, PW6, and PW12 were shown; C, the MOD analysis of the protein levels of TGFb1R, Smad2/3, and Sox9 at GD20, PW2, PW6, and PW12. Data are presented as mean values 6 SEM, n ¼ 8. *p < .05, **p < .01 versus control.
intrauterine growth retardation, articular cartilage dysplasia, and increased susceptibility to adult OA in the offspring. In this study, we first investigated the direct toxicity of ethanol on cartilage differentiation using a differentiation model of BMSCs to chondrocytes. Our previous study found that in pregnant rats administered 4 g/kg/day ethanol, the concentrations of blood ethanol in fetal rats was 58 mM . Based on other reports (Chen et al., 2013) and our findings in vivo, we treated BMSCs with ethanol at concentrations of 0, 4, 20, and 100 mM for 4 weeks. This concentration is not only the concentration that can be achieved under physiological conditions, but it is also the actual concentration of ethanol in the blood circulation of PEE fetal rats. After consecutive treatment with ethanol for 4 weeks, the number of cells in the ethanol treatment group was decreased; the cell volume was smaller; the cells were more immature; chondrocytes showed differentiation retardation; and the mRNA expression of TGFb1R, Sox9, Col2a1, and aggrecan was decreased in a concentrationdependent manner. We speculated that ethanol may affect the differentiation of stem cells into cartilage by inhibiting the TGFb signaling pathway. Therefore, we further dynamically detected the expression of the local TGFb signaling pathway in the articular cartilage of PEE male offspring at GD20 and PW2, PW6, and PW12. At GD20, the expression of TGFb, TGFb1R, Smad2/3, and Sox9 in the ethanol treatment group was significantly decreased, and the low expression of these genes extended to PW2, PW6, and PW12. These findings indicated that the articular cartilage dysplasia in IUGR offspring induced by PEE was programmed to the postnatal period, which was derived from the intrauterine programming of a low-functional TGFb-SmadsSox9 signaling pathway. From these research results, we speculated that ethanol may cross the placenta and may have direct effects on chondrogenic differentiation and ECM synthesis by inhibiting the TGFb signaling pathway in the local cartilage in animal experiments. We first observed the effect of ethanol on differentiation of BMSCs into chondrocytes and determined its potential target genes, which was further confirmed at the overall level; thus, on the basis of these findings, it was assumed that ethanol caused articular cartilage dysplasia that was programmed into adulthood through a low-functional programmed TGFb signaling pathway. However, the key target genes of ethanol and the specific molecular mechanism for the low-functional program of the TGFb signaling pathway require further study. We will continue to study the epigenetic mechanism of the influence of ethanol on the TGFb signaling pathway, and to validating our hypothesis in gene knockout mice model.
Articular Cartilage Dysplasia of PEE Male Offspring Shows Increased
Susceptibility to OA Since Barker proposed the theory of "developmental origins of health and disease" (Barker, 2003) , there has been increasing evidence for the hypothesis that most adult chronic diseases (such as osteoporosis, diabetes, and hypertension) are related to adverse environmental factors during the embryonic period. The reasons may be that the adverse environment during pregnancy can program the function of tissue and organs, and increase susceptibility to the stimulus in adulthood (Migliaccio et al., 2000) . Our previous study also found that PEE offspring had an increased susceptibility to OA induced by longdistance running or high-fat diets (Ni et al., 2015a,b) . In this study, in order to verify the dysplasia of articular cartilage in PEE male offspring was caused by programming of a low-functional TGFb signaling pathway, we tested the resistance of articular cartilage to external stress by an intraarticular injection of papain.
Papain is a proteolytic enzyme that impairs collagen integration by affecting the proteoglycans in the ECM. It does not have a direct impact on collagen and chondrocytes. This model has been well accepted and demonstrates that the observed lesions were consistent with early OA changes in humans on day 28. In this study, the model was established at PW8, which is the period in which articular cartilage is thickest. The results indicated that, in the subgroup without intraarticular injection of papain, there were no significant differences between the control group and the ethanol treatment group regarding the ink staining, safranin-O-fast-green staining, and Mankin's score. However, after the intraarticular injection of papain, compared with that of the control group, the articular cartilage of PEE male offspring rats showed increased India ink staining, the arrangement of cells was more disordered, the ECM content was significantly lower, and Mankin's score was significantly higher. These results indicated that, although the articular cartilage in the adult rats of PEE mouse was normal, its tolerance to external stimulation decreased significantly, leading to its susceptibility to OA.
CONCLUSIONS
In summary, this study confirms that PEE can cause articular cartilage dysplasia and increased susceptibility to adult OA in the offspring. Its potential mechanism is that ethanol directly inhibits stem cell differentiation and programmed into adulthood by low-functional programmed TGFb signaling pathway, and the tolerance of this articular cartilage to external stimuli was significantly decreased (Figure 6 ). This study expands our understanding of the mechanism of ethanol-induced toxicity on articular cartilage.
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